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SUMMARY 

An i n v e s t i g a t i o n  o f  t h e  i c e  a c c r e t i o n  p a t t e r n s  and per fo rmance c h a r a c t e r -  
i s t i c s  o f  a m u l t i - e l e m e n t  a i r f o i l  was under taken  i n  t h e  NASA Lewis  6- by  
9-Foot  I c i n g  Research Tunne l .  Seve ra l  c o n f i g u r a t i o n s  o f  main  a i r f o i l ,  s l a t ,  
and f l a p s  were employed t o  examine t h e  e f f e c t s  o f  i c e  a c c r e t i o n  and p r o v i d e  
f u r t h e r  e x p e r i m e n t a l  i n f o r m a t i o n  for code v a l i d a t i o n  purposes .  The t e s t  m a t r i x  
c o n s i s t e d  o f  g l a z e ,  r i m e ,  and mixed i c i n g  c o n d i t i o n s .  Air f low and i c i n g  c l o u d  
c o n d i t i o n s  were s e t  t o  co r respond  t o  those  t y p i c a l  o f  t h e  o p e r a t i n g  env i ronmen t  
a n t i c i p a t e d  f o r  a commerc ia l  t r a n s p o r t  v e h i c l e .  R e s u l t s  o b t a i n e d  i n c l u d e d  i c e  
p r o f i l e  t r a c i n g s ,  pho tog raphs  of t h e  i c e  a c c r e t i o n s ,  and f o r c e  ba lance  measure- 
ments o b t a i n e d  b o t h  d u r i n g  t h e  a c c r e t i o n  p rocess  and i n  a p o s t - a c c r e t i o n  e v a l u -  
a t i o n  o v e r  a range o f  ang les  o f  a t t a c k .  

The t r a c i n g s  and photographs  i n d i c a t e d  s u b s t a n t i a l  a c c r e t i o n s  on t h e  s l a t  
l e a d i n g  edge, i n  gaps between s l a t  or  f l a p s  and t h e  main w ing ,  on  t h e  f l a p  
l e a d i n g  edge su r faces ,  and on  f l a p  lower su r faces .  Force  measurements i n d i c a t e  
t h e  p o s s i  b i  1 i t y  o f  severe  per formance d e g r a d a t i o n ,  e s p e c i a l  l y  nea r  CLmax, for 
b o t h  l i g h t  and heavy i c e  a c c r e t i o n s .  Frost was a l s o  seen on t h e  l o w e r  su r face  
of the a i r f o i l .  T h i s  f r o s t  i s  c o n s i d e r e d  t o  be a phenomena i n h e r e n t  t o  t h e  I R T  
and i s  n o t  seen i n  n a t u r a l  i c i n g .  The c o n t r i b u t i o n  o f  f r o s t  t o  t h e  f o r c e  com- 
ponen ts  was e v a l u a t e d  and f o u n d  t o  be s i g n i f i c a n t .  

The c r u i s e  w ing  c o n f i g u r a t i o n  p r o v i d e d  a t e s t  case f o r  e v a l u a t i o n  of t h e  
i c e  a c c r e t i o n  and per fo rmance a n a l y s i s  codes p r e s e n t l y  i n  use.  
was used t o  e v a l u a t e  t h e  i c e  a c c r e t i o n  shape deve loped d u r i n g  one o f  t h e  r i m e  
i c e  t e s t s .  The a c t u a l  i c e  shape was t h e n  e v a l u a t e d ,  u s i n g  a Nav ie r -S tokes  
code, f o r  changes i n  pe r fo rmance  c h a r a c t e r i s t i c s .  These p r e d i c t e d  r e s u l t s  were 
compared t o  t h e  measured r e s u l t s  and i n d i c a t e  v e r y  good agreement .  

The LEWICE code 

INTRODUCTION 

S e v e r a l  s t u d i e s  have 
fo rmance l o s s e s  f o r  t y p i c a  
s t u d i e s  have been f o r  s i n g  
The use of s l a t s  and f l a p s  

een comple ted  o f  i c e  a c c r e t i o n s  and r e s u l t i n g  p e r -  
a i r f o i l  p r o f i l e s  ( r e f s .  1 

e e lement  a i r f o i l s  such as 
has t h e  p o t e n t i a l  f o r  deve 

t o  5 ) .  To d a t e ,  most 
t h e  NACAOOl2 p r o f  i 1 e .  
opment o f  s i g n i f i c a n t  ce 



a c c r e t  
e f f o r t  
s e r i e s  
Boe i ng 
t o  ( d ) .  

ons a t  many l o c a t i o n s  on  an a i r f o i l  o t h e r  t h a n  t h e  l e a d i n g  edge. I n  an 
t o  document t h e s e  a c c r e t i o n s  and t h e i r  e f f e c t s  on a i r f o i l  pe r fo rmance ,  a 
o f  i c i n g  t e s t s  were per formed on  a m u l t i - e l e m e n t  model r e p r e s e n t i n g  a 
737 wing s e c t i o n .  The c o n f i g u r a t i o n s  t e s t e d  a r e  shown i n  f i g u r e s  i ( a >  

F i g u r e  l ( a >  r e p r e s e n t s  t h e  a i r f o i l  w i t h  s l a t s  and f l a p s  f u l l y  
r e t r a c t e d  and cor responds t o  a c r u i s e  c o n d i t i o n .  F i g u r e s  l ( b >  t o  ( d >  have 
v a r y i n g  s l a t  and f l a p  c o n d i t i o n s ,  as i n d i c a t e d ,  and co r respond  t o  v a r i o u s  
s tages  o f  approach.  These f o u r  c o n f i g u r a t i o n s  were t e s t e d  i n  t h e  NASA Lewis  
6- by 9-Foot I c i n g  Research Tunnel w h i l e  mounted i n  a h o r i z o n t a l  p o s i t i o n  
between two s p l i t t e r  w a l l s ,  as shown i n  f i g u r e  2 .  Des ign  and c o n s t r u c t i o n  o f  
t h e  model and s p l i t t e r  w a l l s  was pe r fo rmed  by  Boe ing  Commercial A i r c r a f t  Co. 
i n  c o n j u n c t i o n  w i t h  t h e i r  own f l u i d  d e - i c i n g  t e s t  conducted  j u s t  p r i o r  t o  t h e  
t e s t  d e s c r i b e d  h e r e i n .  

T h i s  t e s t  was r u n  t o  p r o v i d e  i n f o r m a t i o n  on  per fo rmance changes due t o  
i c i n g  f o r  a m u l t i - e l e m e n t  a i r f o i l .  
be used t o  e v a l u a t e  t h e  e f f e c t s  of i c i n g  on  s l a t s  and f l a p s  and how t h e i r  
e f f e c t i v e n e s s  i s  a l t e r e d  d u r i n g  an i c i n g  e n c o u n t e r .  The c o n d i t i o n s  o f  t h e  t e s t  
w e r e  s e t  t o  a t t e m p t  r e p r o d u c t i o n  o f  n a t u r a l  i c i n g  c o n d i t i o n s  a n t i c i p a t e d  f o r  
t h i s  a i r f o i l  d u r i n g  h o l d  and approach s i t u a t i o n s ,  as s p e c i f i e d  i n  t h e  FAR-25 
s p e c i f i c a t i o n s  for  commerc ia l  a i r c r a f t .  T h i s  was n o t  a lways  p o s s i b l e  g i v e n  
t h e  r e s t r i c t i o n s  imposed due t o  s c a l i n g  and t h e  c a p a b i l i t i e s  o f  t h e  I R T .  I n  
s e v e r a l  cases,  t h e  s p r a y  d u r a t i o n s  were ex tended  i n  o r d e r  t o  accumula te  i c e  o f  
s u f f i c i e n t  q u a n t i t i e s  t o  a l l o w  t r a c i n g s  t o  be f e a s i b l e .  A d d i t i o n a l l y ,  i t  was 
desired t o  o b t a i n  r e s u l t s  for g l a z e ,  r i m e ,  and mixed c o n d i t i o n s  i n  o r d e r  t o  
deve lop  an u n d e r s t a n d i n g  o f  how t h e s e  may impac t  t h e  s e v e r a l  c o n f i g u r a t i o n s  
exami ned. 

The da tabase produced d u r i n g  t h i s  t e s t  may 

T h i s  t e s t  a l s o  p r o v i d e s  s u b s t a n t i a l  v e r i f i c a t i o n  i n f o r m a t i o n  f o r  b o t h  
LEWICE and an a p p r o p r i a t e  aerodynamic per formance code, e s p e c i a l l y  for f u t u r e  
v e r s i o n s  o f  t h e s e  codes wh ich  may be m o d i f i e d  f o r  m u l t i - e l e m e n t  a i r f o i l s .  I n  
s u p p o r t  o f  t h i s  o b j e c t i v e  i c e  shape t r a c i n g s  were t a k e n  for each t e s t  r u n  a t  
s e v e r a l  l o c a t i o n s  a l o n g  t h e  a i r f o i l  span. These t r a c i n g s  may t h e n  be compared 
t o  LEWICE r e s u l t s ,  w i t h  t h e  spanwise v a r i a t i o n s  g i v i n g  an e s t i m a t e  o f  t h e  
a c c e p t a b l e  e r r o r  bounds f o r  t h e  c a l c u l a t i o n .  The v a r i a t i o n  o f  t h e  f o r c e  meas- 
urements due t o  t h e  i c e  shape may a l s o  be used t o  e v a l u a t e  t h e  a c c u r a c y  o f  t h e  
aerodynamic per fo rmance codes con temp la ted  for use i n  p r e d i c t i n g  i c e d  a i r f o i l  
b e h a v i o r .  
i c i n g  e n c o u n t e r .  T h i s  w i l l  p r o v i d e  i n f o r m a t i o n  for any f u t u r e  combined i c e  
accretion/aero-performance code.  The changes i n  pe r fo rmance  as a f u n c t i o n  o f  
t i m e  s h o u l d  g i v e  an i n d i c a t i o n  if t h e  i c e  a c c r e t i o n  p r o c e s s  i s  b e i n g  modeled 
a p p r o p r i a t e l y .  T h i s  canno t  be done w i t h  i c e  t r a c i n g  methods s i n c e  s t o p p i n g  and 
r e s t a r t i n g  t h e  s p r a y  c l o u d  wou ld  r e s u l t  i n  an i c e  shape somewhat d i f f e r e n t  t h a n  
t h a t  p roduced by  a c o n t i n u o u s  s p r a y  f o r  t h e  same t i m e  p e r i o d .  

The pe r fo rmance  changes were r e c o r d e d  b o t h  d u r i n g  and a f t e r  t h e  

T h i s  t e s t  t h u s  p r o v i d e d  a u n i q u e  o p p o r t u n i t y  t o  o b t a i n  i m p o r t a n t  i n f o r m a -  
t i o n  on m u l t i - e l e m e n t  a i r f o i l  b e h a v i o r  i n  i c i n g  and t o  c r e a t e  a d e t a i l e d  da ta -  
base f o r  development  o f  advanced i c i n g  a n a l y s i s  methods.  

TEST DESCRiPTION 

T h i s  t e s t  p rogram was conduc ted  i n  t h e  NASA Lewis  6- by  9-Foot I c i n g  
Research Tunnel ( I R T ) .  The I R T  i s  a c l o s e d  l o o p  subson ic  w ind  t u n n e l  w i t h  a 
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s o l i d  w a l l  t e s t  s e c t i o n .  
b lockage .  The t e s t  s e c t  
i c e d  p i  t o t - s t a t i  c p robe 
s p l i t t e r  w a l l  c o n f i g u r a t  
t h e  v e l o c i t y  measurement 

The maximum t e s t  s e c t i o n  v e l o c i t y  i s  300 mph w i t h  no  
on  v e l o c i t y  l e v e l  i s  n o r m a l l y  measured u s i n g  an a n t i -  
o c a t e d  a t  t h e  e n t r a n c e  t o  t h e  t e s t  s e c t i o n .  The 
on  used i n  t h i s  t e s t  p r e c l u d e d  use o f  t h i s  p robe  and 
method used w i l l  be d e s c r i b e d  l a t e r .  The I R T  a i r -  

s t ream t e m p e r a t u r e  i s  c o n t r o l l e d  b y  a 2100 t o n  Freon c o o l i n g  sys tem wh ich  
a l l o w s  t h e  t o t a l  t empera tu re  t o  range between -20 and 80 O F .  Atmospher i c  i c i n g  
c l o u d s  a r e  s i m u l a t e d  i n  t h e  t u n n e l  by  s p r a y i n g  wa te r  d r o p l e t s  i n t o  t h e  c o l d  
a i r s t r e a m  s l i g h t l y  ups t ream o f  t h e  c o n t r a c t i o n  s e c t i o n .  
be genera ted  w i t h  l i q u i d - w a t e r  c o n t e n t s  r a n g i n g  from 0.5 t o  o v e r  2.0 g/m3 and 
w i t h  volume median d r o p l e t  d i a m e t e r s  r a n g i n g  from 10 t o  20 pm. 

C a l i b r a t e d  c l o u d s  may 

The t e s t  a r t i c l e  was a 0 .18  s c a l e  model o f  a Boe ing  737-200 ADV w ing  sec- 
t i o n .  The model c o u l d  be c o n f i g u r e d  w i t h  v a r i o u s  c o m b i n a t i o n s  o f  s l a t  and f l a p  
e x t e n s i o n s ,  as shown i n  f i g u r e  1 .  The c r u i s e  c o n f i g u r a t i o n  had a c h o r d  l e n g t h  
o f  18 i n .  and a span o f  60 i n .  The model was mounted h o r i z o n t a l l y  between two 
s p l i t t e r  w a l l s  wh ich  spanned t h e  h e i g h t  o f  t h e  t u n n e l  t e s t  s e c t i o n .  The model 
c o u l d  be r o t a t e d  abou t  i t s  spanwise a x i s  u s i n g  a t u r n t a b l e  mounted i n  t h e  
s p l i t t e r  w a l l s .  T h i s  a l l o w e d  v a r i a t i o n  o f  t h e  a n g l e  o f  a t t a c k  b o t h  d u r i n g  and 
a f t e r  t h e  d u r a t i o n  o f  t h e  sp ray .  For most o f  t h e  t e s t  r u n s  t h e  model was s e t  
a t  5" a n g l e  o f  a t t a c k  (AOA) d u r i n g  t h e  i c i n g  e n c o u n t e r .  The e x c e p t i o n s  a r e  
n o t e d  i n  t h e  t a b l e s  o f  t e s t  c o n d i t i o n s .  A d iag ram o f  t h e  model mounted i n  t h e  
s p l i t t e r  w a l l s  i s  seen i n  f i g u r e  2 .  

The t u n n e l  v e l o c i t y  a t  t h e  l o c a t i o n  o f  t h e  model was o b t a i n e d  b y  use of a 
c a l i b r a t i o n  c u r v e  produced by  Boe ing  d u r i n g  t h e  p r i o r  g round d e - i c i n g  t e s t s .  
T h i s  was done by  r e l a t i n g  a s t a t i c  p r e s s u r e  p robe  r e a d i n g  l o c a t e d  a t  t h e  model 
l o c a t i o n ,  w i t h o u t  t h e  model p r e s e n t ,  t o  t h a t  o f  a s t a t i c  p r e s s u r e  p robe  l o c a t e d  
i n  t h e  c e i l i n g  ups t ream o f  t h e  s p l i t t e r  w a l l s .  The o u t p u t  o f  t h i s  p robe  was 
r e f e r e n c e d  to  a hea ted  t o t a l  p r e s s u r e  p robe ,  a l s o  l o c a t e d  i n  t h e  t u n n e l  c e i l -  
i n g ,  t o  y i e l d  t h e  c o r r e c t e d  f r e e  s t ream v e l o c i t y  a t  t h e  model l o c a t i o n .  

Aerodynamic l o a d s  on  t h e  models  were measured d u r i n g  and a f t e r  each t e s t  
r u n  u s i n g  a Boe ing-des igned t h r e e  component f o r c e  b a l a n c e .  One b a l a n c e  was 
mounted i n  each s p l i t t e r  w a l l  and a t t a c h e d  t o  t h e  ends o f  t h e  mode l .  These 
ba lances  a l l o w e d  t h e  measurement o f  t h e  normal  and a x i a l  f o r c e s  and of t h e  
bend ing  moment p roduced on t h e  a i r f o i l  d u r i n g  t h e  i c e  a c c r e t i o n  p r o c e s s  and 
d u r i n g  a p i t c h - u p  f o l l o w i n g  t h e  t e s t .  From t h e s e  measurements, t h e  l i f t ,  d rag ,  
and p i t c h i n g  moment c o u l d  be d e t e r m i n e d .  

T h i s  model and f o r c e  b a l a n c e  was used i n  a Boe ing - run  D e - / A n t i - I c i n g  t e s t  
p r i o r  t o  t h i s  i c e  a c c r e t i o n  t e s t .  D u r i n g  t h e  D e - / A n t i - I c i n g  t e s t  a p r o b l e m  
deve loped i n  t h e  a x i a l  f o r c e  component o f  t h e  l e f t  hand b a l a n c e .  T h i s  meant 
t h a t  any spanwise v a r i a t i o n  o f  t h e  a x i a l  l o a d i n g  wou ld  l e a d  t o  e r r o r s  i n  t h e  
measurements. A s i m p l e  e x a m i n a t i o n  o f  t h e  r e l a t i v e  magn i tudes  o f  t h e  a x i a l  
l o a d s  t o  e i t h e r  t h e  l i f t  or d r a g  v a l u e s  i n d i c a t e d  t h a t  an a x i a l  l o a d  imba lance  
c o u l d  c o n t r i b u t e  t o  a 3 p e r c e n t  e r r o r  i n  l i f t  and as much as a 75 p e r c e n t  e r r o r  
i n  d r a g .  I t  was d e c i d e d  t o  use t h e  b a l a n c e  under  t h e s e  c o n d i t i o n s  and t o  t a k e  
n o t e  o f  any t e s t  r u n s  wh ich  had a n o n u n i f o r m  d i s t r i b u t i o n  o f  i c e  i n  t h e  span- 
w ise  d i r e c t i o n .  I t  was f e l t  t h a t  l i f t  v a l u e s  wou ld  be a c c e p t a b l e  and t h a t  if 
t h e  i c e  a c c r e t i o n  was u n i f o r m  a c r o s s  t h e  span t h e n  t h e  d r a g  measurements wou ld  
a l s o  be m e a n i n g f u l .  
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The t e s t  c o n d i t i o n s  w e r e  s e l e c t e d  t o  model c r u i s e  and approach c o n d i t i o n s  
T h i s  c o n s i s t e d  o f  d e t e r m i n i n g  comb ina t ions  o f  t e m -  f o r  t h e  Boe ing  737-200ADV. 

p e r a t u r e ,  l i q u i d  wa te r  c o n t e n t ,  and d r o p  s i z e  w i t h i n  t h e  FAR-25 enve lope  and 
s c a l i n g  these c o n d i t i o n s  t o  t h e  s i z e  o f  t h e  model .  V e l o c i t i e s  and a c c r e t i o n  
t imes were a l s o  a d j u s t e d  i n  an a t t e m p t  t o  a c h i e v e  p r o p e r  s c a l i n g  o f  t h e  t o t a l  
mass o f  i c e  a c c r e t e d .  The a t t e m p t  t o  rema in  c l o s e  t o  a c t u a l  f l i g h t  c o n d i t i o n s  
was done t o  produce r e a l i s t i c  i c e  shapes and was n o t  i n t e n d e d  t o  a c h i e v e  com- 
p l e t e  s i m u l a t i o n  o f  a c t u a l  f l i g h t  c o n d i t i o n s .  The main  o b j e c t i v e  o f  these  
a c t i v i t i e s  b e i n g  t o  produce a da tabase f o r  code v a l i d a t i o n ,  i t  was d e c i d e d  i n  
s e v e r a l  r u n s  t o  d e v i a t e  from t h e  s i m u l a t i o n  c o n d i t i o n s  i n  o r d e r  t o  produce an 
i c e  a c c r e t i o n  more s u i t a b l e  for m o d e l i n g .  T y p i c a l l y  t h e  d e v i a t i o n s  c o n s i s t e d  
o f  r u n n i n g  f o r  l o n g e r  p e r i o d s  of t i m e  i n  o r d e r  t o  accumula te  enough i c e  t o  
y i e l d  a s u i t a b l e  shape f o r  t e s t i n g  t h e  computer  codes.  
t i o n s  a r e  l i s t e d  i n  t a b l e s  I t o  I V .  

The a c t u a l  t e s t  c o n d i -  

A t y p i c a l  t e s t  r u n  c o n s i s t e d  o f  t h e  f o l l o w i n g  s t e p s .  P r io r  t o  any i c e  
a c c r e t i o n  r u n  t h e  fo rce  c o e f f i c i e n t s  ve rsus  a n g l e  o f  a t t a c k  were d e t e r m i n e d  f o r  
t h e  c l e a n  a i r f o i l .  The sp ray  c o n d i t i o n s  w e r e  s e t  a c c o r d i n g  t o  t h e  i n f o r m a t i o n  
shown i n  t a b l e s  I t o  I V .  The t u n n e l  was b r o u g h t  t o  t h e  c o r r e c t  t e m p e r a t u r e  and 
a i r s p e e d .  A s  t h e  s p r a y  was a l l o w e d  t o  imp inge on  t h e  a i r f o i l ,  t h e  f o r c e  b a l -  
ance measurements w e r e  t a k e n  i n  o r d e r  t o  d e t e r m i n e  changes d u r i n g  t h e  encoun- 
t e r .  These measurements w e r e  taken  w i t h  t h e  a i r f o i l  a t  a s e t  a n g l e  o f  a t t a c k .  
Upon c o m p l e t i o n  o f  t h e  i c i n g  encoun te r ,  t h e  f o r c e  c o e f f i c i e n t s  ve rsus  a n g l e  o f  
a t t a c k  were a g a i n  t a k e n  to  d e t e r m i n e  changes due t o  i c e  a c c r e t i o n  and f r o s t .  
A f t e r  t hese  measurements were comple ted ,  t h e  t u n n e l  was b r o u g h t  t o  i d l e  and 
f r o s t  was removed. The t u n n e l  was then  b r o u g h t  back  t o  speed and t h e  fo rce  
c o e f f i c i e n t  measurements were r e p e a t e d  w i t h  o n l y  t h e  i c e  a c c r e t i o n s .  F i n a l l y ,  
a f t e r  t h i s  t h e  t r a c i n g s  were t a k e n  a t  s e v e r a l  spanwise l o c a t i o n s  on  t h e  a i r f o i l .  

A f t e r  each i c i n g  t e s t  was conducted ,  a s e t  of i c e  shape t r a c i n g s  were made 
a t  p re -de te rm ined  l o c a t i o n s  a l o n g  t h e  span o f  t h e  a i r f o i l .  A steam k n i f e  was 
used t o  c u t  a 0 .25  i n .  w ide  s l i c e  i n t o  t h e  i c e  and f l u s h  w i t h  t h e  c l e a n  a i r -  
f o i l .  F i g u r e  2 shows t h e  d i s t a n c e  and s e c t i o n  name f o r  each o f  t h e  f i v e  c u t s .  
A f t e r  each c u t  was made, a ca rdboard  t e m p l a t e  was i n s e r t e d  i n t o  t h e  c u t  and a 
t r a c i n g  o f  t h e  i c e  shape p r o f i l e  was made. A t  t h e  b e g i n n i n g  of t h e s e  t e s t s ,  i t  
was u n c l e a r  i f  t h e  s p l i t t e r  w a l l  c o n f i g u r a t i o n  ( f i g .  2 )  wou ld  s i g n i f i c a n t l y  
a f f e c t  t h e  f low f i e l d  downstream, e s p e c i a l l y  i f  t h e  s p l i t t e r  w a l l s  a c c r e t e d  a 
reasonab le  amount of i c e  d u r i n g  t h e  r u n .  P r e l i m i n a r y  a n a l y s i s ,  u s i n g  b o t h  
LEWICE and ARC2D, i n d i c a t e d  t h a t  t h e  i c e  a c c r e t i o n s  t h a t  wou ld  form on  t h e  
l e a d i n g  edge o f  t h e  s p l i t t e r  w a l l s  wou ld  be l e s s  severe  t h a n  t h e  i c e  a c c r e t i o n s  
t h a t  would form on  t h e  l e a d i n g  edge o f  t h e  t e s t  mode l .  T h i s  was due t o  t h e  
s p l i t t e r  w a l l s '  g r e a t e r  t h i c k n e s s  and t h e  r e l a t i v e  s i z e  of t h e  i c e  a c c r e t i o n .  
F u r t h e r  i n v e s t i g a t i o n  o f  t h e  i c e  shape t r a c i n g s  a l o n g  t h e  span o f  t h e  a i r f o i l  
i n d i c a t e d  t h a t  t h e  s p l i t t e r  w a l l s  d i d  n o t  have a s i g n i f i c a n t  e f f e c t  o n  t h e  i c e  
shapes. Thus, i t  appeared t h a t  t h e  s p l i t t e r  w a l l s  were n o t  d i s t u r b i n g  t h e  f low 
downstream. However, i t  s h o u l d  be n o t e d  t h a t  i n  t h r e e  o f  t h e  r u n s  ( i . e . ,  r u n s  
2b, 21, 22>,  t h e r e  appeared t o  be a n o n u n i f o r m i t y  o f  t h e  i c e  a c c r e t i o n  a l o n g  
t h e  span. Near s e c t i o n  A ,  t h e  i c e  a c c r e t i o n s  w e r e  u s u a l l y  l e s s  t h i c k ,  b u t  o f  
t h e  same g e n e r a l  shape as t h e  r e s t  of t h e  a c c r e t i o n .  S ince  t h i s  o c c u r r e d  f o r  
b o t h  s h o r t  and l o n g  d u r a t i o n  r u n s ,  t h i s  was n o t  c o n s i d e r e d  due t o  t h e  i c e  
a c c r e t i o n s  o n  t h e  s p l i t t e r  w a l l s .  T h i s  r e s u l t  seemed t o  be independen t  o f  t e m -  
p e r a t u r e ,  v e l o c i t y ,  or o t h e r  flow c o n d i t i o n s  and t h u s  f u r t h e r  e x a m i n a t i o n  i s  
r e q u i  r e d .  
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Another  reason  f o r  o b t a i n i n g  m u l t i p l e  t r a c i n g s  o f  t h e  i c e  a c c r e t i o n  was t o  
i n v e s t i g a t e  t h e  i n h e r e n t  v a r i a b i l i t y  o f  t h e  i c i n g  p rocess .  
by o b t a i n i n g  i c e  shape t r a c i n g s  a t  v a r i o u s  l o c a t i o n s  a l o n g  t h e  span o f  t h e  a i r -  
f o i l  and t h e n  o v e r l a y i n g  them, a k i n d  o f  " i c i n g  band" can be c r e a t e d .  I t  i s  
hoped t h a t  t h e  LEWICE p r e d i c t i o n  w i l l  f a l l  w i t h i n  t h i s  " i c i n g  band. "  

A s  s t a t e d  e a r l i e r ,  

RESULTS AND DISCUSSION OF TEST PROGRAM 

The t e s t  c o n d i t i o n s  v a r i e d  from r i m e  t o  mixed t o  g l a z e  i c e  a c c r e t i o n s .  
The c r u i s e  w ing  c o n f i g u r a t i o n  r e s u l t e d  i n  a c c r e t i o n s  near  t h e  l e a d i n g  edge as 
i s  t y p i c a l  fo r  s i n g l e - e l e m e n t  a i r f o i l s .  The approach or f l a p s - e x t e n d e d  c o n f i g -  
u r a t i o n s  r e s u l t e d  i n  a c c r e t i o n s  a t  t h e  f l a p s  and s l a t  l e a d i n g  edges and i n  t h e  
gaps between those  s u r f a c e s  and t h e  main w ing  body.  D u r i n g  many o f  t h e  t e s t s ,  
f r o s t  was a l s o  seen t o  have fo rmed on  t h e  l ower  s u r f a c e  o f  t h e  a i r f o i l .  The 
f r o s t  was e s p e c i a l l y  e v i d e n t  f o r  t h e  15" f l a p  c o n f i g u r a t i o n .  Frost  was seen on 
t h e  upper  s u r f a c e  o n l y  i n  t h i s  l a t t e r  c o n f i g u r a t i o n .  I n  t h i s  case,  t h e r e  was a 
gap between t h e  s l a t  and t h e  main  w ing  body.  
b u t  a c t u a l  i c e  d e p o s i t i o n  due t o  t h e  f low t h r o u g h  t h i s  gap. 
g u i s h e d  from t h e  a c t u a l  i c e  a c c r e t i o n s  by  i t s  appearance.  The i c e  a c c r e t i o n s  
had a g r o w t h  p a t t e r n  wh ich  i n d i c a t e d  development  i n  t h e  ups t ream d i r e c t i o n .  
The f r o s t  on  t h e  o t h e r  hand seemed t o  have no p r e f e r r e d  d i r e c t i o n  f o r  g r o w t h .  
I n s t e a d ,  t h e  f r o s t  appeared as a t h i n  l a y e r  w i t h  a u n i f o r m l y  r o u g h  su r face .  
O lsen  ( r e f .  6 )  has suggested  t h a t  t h e  f rost  i s  due t o  a f r e e - s t r e a m  t u r b u l e n c e  
l e v e l  h i g h e r  t h a n  t h a t  i n  f l i g h t .  However, s i n c e  o n l y  t h e  l o w e r  s u r f a c e  o f  t h e  
a i r f o i l  had any f r o s t ,  some o t h e r  reason  i s  suspec ted .  The e f f e c t  o f  t h e  f r o s t  
on  t h e  a i r f o i l  per fo rmance was e v a l u a t e d  b y  t a k i n g  f o r c e  measurements b e f o r e  
and a f t e r  removal  o f  t h e  f ros t .  

Perhaps t h i s  i c e  was n o t  f r o s t  
Frost  was d i s t i n -  

The f irst s e r i e s  o f  t e s t s  were pe r fo rmed  w i t h  t h e  c r u i s e  w ing  c o n f i g u r a -  
t i o n .  These co r respond  t o  t h e  t e s t  c o n d i t i o n s  l i s t e d  i n  t a b l e  I .  The r e s u l t s  
a r e  p r e s e n t e d  i n  f i g u r e s  3 t o  12, wh ich  show one o f  t h e  i c e  shape t r a c i n g s  f o r  
a g i v e n  r u n ,  t h e  f o r c e  c o e f f i c i e n t s  as a f u n c t i o n  o f  AOA, and t h e  f o r c e  c o e f f i -  
c i e n t s  as a f u n c t i o n  o f  t i m e .  I n  g e n e r a l ,  t h e  i c e  a c c r e t i o n  p roduces  a prema- 
t u r e  s t a l l  and an i n c r e a s e d  d r a g  f o r  a l l  o f  t h e  r u n s .  The d r a g  v a l u e s  a r e  
l a r g e r  o v e r  t h e  e n t i r e  range o f  A O A ' s ,  w h i l e  t h e  l i f t  i s  n o t  g e n e r a l l y  a f f e c t e d  
u n t i l  nea r  CLmax. T h i s  i s  because t h e  i c e  shape does n o t  s u b s t a n t i a l l y  a l t e r  
t h e  p r e s s u r e  d i s t r i b u t i o n  o v e r  t h e  a i r f o i l  u n t i l  f low s e p a r a t i o n  o c c u r s ,  w h i l e  
t h e  boundary  l a y e r  i s  s i g n i f i c a n t l y  a l t e r e d  a t  l o w e r  a n g l e s  o f  a t t a c k .  
moment c o e f f i c i e n t  changes from b e i n g  n e a r l y  c o n s t a n t  o v e r  t h e  range  of AOA t o  
b e i n g  a l i n e a r l y  i n c r e a s i n g  v a l u e  w i t h  AOA u n t i l  s t a l l .  
e t e r  r e f l e c t  b o t h  t h e  changes t o  t h e  boundary  l a y e r  a t  sma l l  AOA v a l u e s  and t o  
t h e  p r e s s u r e  d i s t r i b u t i o n  a t  l a r g e  A O A ' s .  A l l  t h e s e  r e s u l t s  i n d i c a t e  s i g n i f i -  
c a n t  changes i n  h a n d l i n g  c h a r a c t e r i s t i c s  f o r  t h e  i c e d  a i r f o i l .  S i n c e  t h e  l i f t  
v a l u e s  d o  n o t  change s u b s t a n t i a l l y  u n t i l  nea r  CLmax, t h i s  can be an e x t r e m e l y  
i m p o r t a n t  r e s u l t  f o r  i n c o r p o r a t i o n  i n t o  f l i g h t  s i m u l a t o r s .  

The 

Changes t o  t h i s  param- 

The f i r s t  f o u r  t e s t  r u n s  were for a d u r a t i o n  o f  5 m in .  The pa ramete rs  
v a r i e d  between t h e s e  r u n s  were t e m p e r a t u r e ,  l i q u i d  w a t e r  c o n t e n t  (LWC), and 
d r o p l e t  d i a m e t e r .  
pa ramete r  i s  t h e  t e m p e r a t u r e .  Runs 1 and 2b were a t  a t u n n e l  t e m p e r a t u r e  of 
a p p r o x i m a t e l y  30 OF w h i l e  r u n s  3 and 4b were a t  13 and 10 O F ,  r e s p e c t i v e l y .  

I n  examin ing  t h e  r e s u l t s ,  i t  i s  a p p a r e n t  t h a t  t h e  dominant  
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The i c e  shapes deve loped i n  t h e  f o r m e r  r u n s  were g l a z e  shapes w h i l e  t h e  l a t t e r  
two r u n s  produced r i m e  a c c r e t i o n s .  T h i s  i s  a l s o  r e f l e c t e d  i n  t h e  f o r c e  c o e f f i -  
c i e n t  measurements. Runs 1 and 2b had lower  CLmax v a l u e s ,  h i g h e r  d r a g ,  and 
more d i s t o r t e d  CM cu rves  t h a n  t h e  r i m e  i c e  r u n s .  The most s i g n i f i c a n t  common 
t r e n d  fo r  a l l  f o u r  r u n s  was t h e  sma l l  ACL e x p e r i e n c e d  d u r i n g  t h e  a c c r e t i o n  
p rocess .  The m a j o r  d i s t o r t i o n  t o  t h e  p r e s s u r e  p r o f i l e  near  t h e  l e a d i n g  edge o f  
t h e  a i r f o i l  has v i r t u a l l y  no e f f e c t  on  t h e  l i f t  u n t i l  t h e  boundary l a y e r  com- 
p l e t e l y  de taches  from t h e  su r face .  The o t h e r  t r e n d  t o  n o t e  i s  t h a t  t h e  r u n s  
w i t h  t h e  l a r g e r  d r o p l e t  s i z e s  ( i . e . ,  runs  2b and 4b) had impingement  l i m i t s  
wh ich  ex tended f u r t h e r  back a l o n g  t h e  a i r f o i l  s u r f a c e .  T h i s  r e s u l t e d  i n  v e r y  
l i t t l e  d i f f e r e n c e  fo r  t h e  g l a z e  r u n s  and i n  a somewhat h i g h e r  ACD f o r  r u n  4b 
as compared t o  r u n  3.  The i n c r e a s e d  d r a g  f o r  t h e  r i m e  case was due t o  a l o n g e r  
s t r e t c h  o f  rough s u r f a c e  i n  r u n  4b o v e r  r u n  3 .  T h i s  d i d  n o t  occur for t h e  
g l a z e  cases because t h e  f low was separa ted  a f t  o f  t h e  i c e  shape and hence t h e  
f low o v e r  t h e  remainder  o f  t h e  a i r f o i l  s u r f a c e  was s u b s t a n t i a l l y  t h e  same for 
b o t h  these  r u n s .  

The n e x t  two r u n s ,  5 and 6 ,  d i f f e r e d  o n l y  i n  t h e  d u r a t i o n  and t h e  t u n n e l  
v e l o c i t y .  T h i s  amounted t o  a s u b s t a n t i a l l y  l a r g e r  i c e  a c c r e t i o n  f o r  r u n  6 ,  as 
shown i n  f i g u r e s  7 and 8 .  Remarkably ,  t h e  change t o  t h e  l i f t  c u r v e  was a c t u -  
a l l y  worse f o r  t h e  s m a l l e r  i c e  a c c r e t i o n .  Perhaps t h e  i c e  shape deve loped d u r -  
i n g  r u n  6 a c t e d  as a l e a d i n g  edge s l a t  and t h e  i n c r e a s e  i n  camber somewhat 
o f f se t  t h e  loss o f  l i f t  due t o  flow s e p a r a t i o n .  S i m i l a r l y ,  t h e  l a r g e r  i c e  
shape o f  r u n  6 i n c r e a s e d  t h e  d r a g  o f  t h e  a i r f o i l  much as a l e a d i n g  edge s l a t  
wou ld .  

Runs 7 t o  10 v a r i e d  i n  a l l  f i v e  e n v i r o n m e n t a l  pa ramete rs ,  y e t  some i n t e r -  
e s t i n g  t r e n d s  can be n o t i c e d  by  s e l e c t i v e  compar ison o f  these  f o u r  r u n s .  
Runs 7 and 8 d i f f e r e d  e s s e n t i a l l y  i n  d u r a t i o n .  T h i s  i s  seen b y  t h e  l a r g e r  i c e  
a c c r e t i o n  f o r  r u n  8 .  S i n c e  b o t h  r u n s  were a t  15 O F ,  and hence i n  t h e  m ixed  
g l a z e  and r i m e  reg ime ,  t h e  o n l y  d i f f e r e n c e  i n  per fo rmance change was t h e  
i n c r e a s e d  d r a g  f o r  t h e  l o n g e r  d u r a t i o n  r u n .  The d i f f e r e n c e s  i n  l i f t  and p i t c h -  
i n g  moment were v e r y  sma l l  when compared t o  t h e  d i f f e r e n c e  between e i t h e r  r u n  
and t h e  c l e a n  a i r f o i l .  The ma jo r  d i f f e r e n c e  between r u n s  7 and 9 was t h e  t e m -  
p e r a t u r e ,  wh ich  r e s u l t e d  i n  a mixed i c e  c o n d i t i o n  f o r  t h e  f o r m e r  and a r i m e  i c e  
c o n d i t i o n  fo r  t h e  l a t t e r .  The r i m e  i c e  shape o f  r u n  9 a c t u a l l y  enhanced t h e  
l i f t  c h a r a c t e r i s t i c s  f o r  t h e  a i r f o i l  as l o n g  as t h e  f low remained a t t a c h e d .  
T h i s  e f f e c t  was a l s o  seen i n  t h e  compar ison between r u n s  8 and 10. The r i m e  
a c c r e t i o n  had a l e s s  d e l e t e r i o u s  e f f e c t  on t h e  l i f t  t h a n  t h e  m ixed  i c e  o f  
r u n  8 .  

A l l  10 r u n s  i n d i c a t e d  a n o n l i n e a r  i n c r e a s e  i n  d r a g  w i t h  r e s p e c t  t o  t i m e .  
The d r a g  appeared to  v a r y  w i t h  t i m e  t o  t h e  1 / 3  or 114 power. The l i f t  v a l u e s  
d i d  n o t  change v e r y  much a t  a l l  w i t h  t i m e  due t o  t h e  low a n g l e  o f  a t t a c k  a t  
wh ich  t h e  i c e  was a c c r e t e d .  The moment c o e f f i c i e n t  d i d  n o t  seem t o  fo l low any 
p a t t e r n  i n  how i t  changed d u r i n g  t h e  a c c r e t i o n  t i m e .  Thus, i t  appears  t h a t  as 
t h e  i c e  a c c r e t e s  i t  i n i t i a l l y  d i s t u r b s  t h e  boundary  l a y e r  c a u s i n g  an i n c r e a s e  
i n  d r a g .  T h i s  i s  most l i k e l y  due t o  p rematu re  t r i p p i n g  from l a m i n a r  t o  t u r b u -  
l e n t  f low. Then, as t h e  i c e  c o n t i n u e s  t o  grow,  s e p a r a t i o n  r e g i o n s  deve lop  
beh ind  t h e  i c e  shape and changes t o  t h e  boundary  l a y e r  a f t  o f  t h e  i c e  shape 
a r e  reduced.  
t h e  sp ray  d u r a t i o n  b u t  by  t h e  t y p e  of i c e  a c c r e t e d  w i t h  t h e  more s i g n i f i c a n t  
changes o c c u r r i n g  a t  t h e  warmer t e m p e r a t u r e s .  T h i s  l a t t e r  e f f e c t  i s  due t o  
changes i n  t h e  o v e r a l l  f low p a t t e r n  as opposed t o  a l t e r a t i o n s  i n  t h e  boundary  

F u r t h e r  changes t o  l i f t  and p i t c h i n g  moment a r e  d e t e r m i n e d  n o t  b y  
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l a y e r .  These t r e n d s  have been seen i n  o t h e r  s i n g l e  e lement  a i r f o i l  s t u d i e s  and 
have been rep roduced  i n  a n a l y t i c a l  s i m u l a t i o n s  ( r e f s .  14 and 1 5 ) .  

A l l  10 r u n s  had f r o s t  on  t h e  l ower  s u r f a c e  o f  t h e  a i r f o i l .  The e x t e n t  of 
t h i s  f r o s t  v a r i e d  from t h e  f i rs t  30 p e r c e n t  o f  t h e  a i r f o i l  t o  t h e  e n t i r e  l o w e r  
s u r f a c e .  The m a j o r  e f f e c t  o f  f r o s t  i s  t o  i n c r e a s e  t h e  p i t c h i n g  moment o v e r  t h e  
e n t i r e  range o f  AOA's. The changes i n  l i f t  and d r a g  due t o  f r o s t  a r e  n o t  as 
d r a m a t i c ,  as w i l l  be seen i n  t h e  n e x t  s e r i e s  o f  r u n s .  T h i s  i n d i c a t e s  t h a t  t h e  
r e s u l t s  f o r  l i f t  and d r a g  p r e v i o u s l y  d i s c u s s e d  shou ld  a p p l y  whether  or n o t  t h e  
f r o s t  i s  p r e s e n t .  

Runs 1 1  t o  14 used t h e  5" f l a p  c o n f i g u r a t i o n  as shown i n  f i g u r e  l ( c > .  The 
d i s t i n g u i s h i n g  c h a r a c t e r i s t i c  of t h i s  c o n f i g u r a t i o n  i s  t h e  sha rp  d r o p  i n  t h e  
l i f t  a t  a p p r o x i m a t e l y  1 5 "  AOA. The i c i n g  r u n s  covered mixed t o  r i m e  i c e  c o n d i -  
t i o n s  and these  a c c r e t i o n s  a l t e r e d  t h e  l i f t  c u r v e  s i g n i f i c a n t l y .  The f irst two 
r u n s  were a t  25  " F  and f i g u r e s  13 and 14 i n d i c a t e  t h a t  t h e  sha rp  d r o p  i n  l i f t  
i s  m a i n t a i n e d  fo r  these  r u n s  w i t h  t h e  e x c e p t i o n  t h a t  t h e  s t a l l  o c c u r s  a t  a 
l o w e r  AOA. The two subsequent  r u n s  were a t  17 and -7 O F .  F i g u r e s  1 5  and 16 
i n d i c a t e  t h a t  t h e  l i f t  c u r v e  g r a d u a l l y  changes from t h e  sudden loss o f  l i f t  
c h a r a c t e r i s t i c  o f  t h e  c l e a n  a i r f o i l  t o  a more g r a d u a l  r o l l  over o f  t h e  l i f t  a t  
a somewhat l o w e r  CLmax v a l u e .  The o r i g i n a l  l i f t  c u r v e  o f  t h e  a i r f o i l  i s  
c h a r a c t e r i s t i c  of a l e a d i n g  edge s t a l l  w h i l e  t h e  r i m e  i c e d  c o n f i g u r a t i o n  of 
r u n  14 i s  c h a r a c t e r i s t i c  o f  a t r a i l i n g  edge s t a l l .  T h i s  suggests  t h a t  t h e  
mixed i c e  shape o f  r u n s  11 and 12 r e t a i n e d  a sma l l  s e p a r a t i o n  b u b b l e  wh ich  
e v e n t u a l l y  b u r s t  a t  h i g h e r  AOA's. The r i m e  shapes, on  t h e  o t h e r  hand, may have 
t r i p p e d  t h e  boundary  l a y e r  and p r e v e n t e d  t h e  f o r m a t i o n  o f  t h e  l e a d i n g  edge sep- 
a r a t i o n  b u b b l e .  
i n d i c a t e  an i n c r e a s e  i n  d r a g  o v e r  a l l  AOA v a l u e s ,  f o r  r u n  14, wh ich  i s  n o t  seen 
i n  t h e  p r i o r  t h r e e  r u n s .  Thus, as t h e  AOA i n c r e a s e d ,  t h e  t r a i l i n g  edge separa-  
t i o n  became t h e  mechanism fo r  s t a l l .  T h i s  s c e n a r i o  c o u l d  be examined more 
t h o r o u g h l y  t h r o u g h  use o f  an aerodynamic code and t h a t  i s  one reason  why d e v e l -  
opment o f  a m u l t i - e l e m e n t  code f o r  use i n  i c i n g  i s  i m p o r t a n t .  

T h i s  i d e a  i s  a l s o  s u p p o r t e d  by  t h e  d r a g  measurements wh ich  

The o t h e r  i n t e r e s t i n g  f e a t u r e  o f  t h i s  s e t  o f  r u n s  i s  t h e  e f f e c t  of t h e  
f r o s t .  A s  seen i n  f i g u r e s  13 t o  16, t h e  l i f t  and d r a g  v a l u e s  h a r d l y  a l t e r e d  a t  
a l l  due t o  t h e  presence o f  t h e  f r o s t .  On t h e  o t h e r  hand, t h e  f r o s t  has a s i g -  
n i f i c a n t  e f f e c t  on t h e  moment c o e f f i c i e n t .  The presence o f  f r o s t  tends  t o  
i n d i c a t e  a l a r g e r  change i n  t h i s  v a l u e  t h a n  would be suggested  b y  t h e  accompa- 
n y i n g  changes i n  l i f t  and d r a g .  A p p a r e n t l y  t h e  d i s t r i b u t i o n  o f  these  f o r c e s  
o v e r  t h e  s u r f a c e  o f  t h e  a i r f o i l  i s  changed by  t h e  f r o s t .  
s i d e r e d  t o  be a phenomena f o u n d  o n l y  i n  t h e  t u n n e l  and n o t  i n  f l i g h t ,  t u n n e l  
t e s t s  s h o u l d  be e v a l u a t e d  w i t h  g r e a t  c a r e  when e x t r a p o l a t i n g  t o  a i r f o i l  p e r -  
formance i n  i c i n g .  T h i s  e f f e c t  must  a l s o  be c o n s i d e r e d  when u s i n g  t u n n e l  d a t a  
f o r  code v a l i d a t i o n .  

S ince  f ros t  i s  con- 

The 1 "  f l a p  c o n f i g u r a t i o n ,  shown i n  f i g u r e  l ( b ) ,  was e v a l u a t e d  d u r i n g  
r u n s  15 t o  19 and t h e  r e s u l t s  a r e  shown i n  f i g u r e s  17 to  21. The i c e  shapes 
from these  r u n s  a l l  tended t o  be on  t h e  upper  s u r f a c e  o f  t h e  l e a d i n g  edge s l a t .  
T h i s  i s  q u i t e  d i f f e r e n t  t h a n  t h e  p r i o r  r u n s  where t h e  i c e  d e p o s i t e d  a t  t h e  
l e a d i n g  edge and on  t h e  l ower  s u r f a c e .  These r u n s  a l l  p roduced l i f t  c u r v e s  
w i t h  v e r y  f l a t  t o p s  such t h a t  s t a l l  would o c c u r  e a r l y  b u t  may n o t  be as seve re  
as o t h e r  c o n f i g u r a t i o n s .  
d e p a r t u r e  from t h e  l i f t  c u r v e  b u t  no  i n d i c a t i o n  o f  t h e  AOA a t  wh ich  

The e x c e p t i o n  i s  r u n  number 16 wh ich  shows an e a r l i e r  
CLmax 
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o c c u r s .  The d r a g  and moment c o e f f i c i e n t  cu rves  a l s o  appear t o  be a f f e c t e d  s i m -  
i l a r l y  f o r  a l l  r u n s .  A l l  f i v e  o f  t h e s e  r u n s  were i n  t h e  mixed i c e  reg ime  and 
hence t h i s  c o u l d  account  for t h e  s i m i l a r i t i e s  between r u n s .  

Run 19 i s  p a r t i c u l a r l y  i n t e r e s t i n g  due t o  t h e  e f f e c t  of f r o s t  on  t h e  l i f t  
and d rag .  I n  t h e  range of 10" t o  15" AOA t h e  presence o f  f r o s t  makes a s i g n i f -  
i c a n t  d i f f e r e n c e  on b o t h  measurements. T h i s  r u n  was t h e  o n l y  one t o  have 
f r o s t  on  t h e  upper  s u r f a c e .  The f r o s t  ex tended from t h e  l e a d i n g  edge t o  t h e  
t r a i l i n g  edge o f  t h e  main  w ing  body.  T h i s  appears t o  have t h i c k e n e d  t h e  bound- 
a r y  l a y e r  on t h e  upper  su r face  and p o s s i b l y  a l t e r e d  t h e  p r e s s u r e  p r o f i l e  on t h e  
upper  s u r f a c e .  T h i s  i n  t u r n  r e s u l t e d  i n  t h e  decreased l i f t  and i n c r e a s e d  d r a g  
i n d i c a t e d  i n  f i g u r e  21 .  

The l a s t  f i v e  r u n s  were w i t h  t h e  15" f l a p  c o n f i g u r a t i o n ,  as shown i n  f i g -  
u r e  l ( e > .  The f i rst  o f  these ,  r u n  20, had a d a t a  system error  and hence w i l l  
n o t  be d i s c u s s e d .  Runs 21 and 22 had t h e  same i c i n g  c o n d i t i o n s  w i t h  o n l y  t h e  
AOA a t  wh ich  impingement  o c c u r r e d  b e i n g  d i f f e r e n t .  There was no  f r o s t  d e v e l -  
oped d u r i n g  e i t h e r  o f  these  r u n s ,  however ,  t h e r e  was a t h i n  l a y e r  o f  a c c r e t e d  
i c e  on t h e  l o w e r  s u r f a c e s .  T h i s  l a y e r  was t h i c k e r  f o r  r u n  22,  most l i k e l y  
because o f  t h e  i n c r e a s e d  AOA d u r i n g  t h e  a c c r e t i o n  p rocess .  The r e s u l t i n g  
changes t o  t h e  f o r c e  c o e f f i c i e n t s  were t h e  same for b o t h  cases u n t i l  t h e  o n s e t  
o f  s t a l l .  The d i f f e r i n g  d e p o s i t i o n  p a t t e r n s  from t h e  two r u n s  r e s u l t e d  i n  a 
somewhat more severe  s t a l l  c o n d i t i o n  f o r  r u n  22.  Runs 23 and 24 were r i m e  i c e  
a c c r e t i o n s  and d i d  no t  e x h i b i t  t h e  i c e  d e p o s i t i o n  p a t t e r n s  on t h e  l o w e r  s u r -  
f a c e s  as i n  t h e  p r i o r  two r u n s .  There was, however, f r o s t  on t h e  l o w e r  s u r -  
f a c e s ,  as i n  p r e v i o u s  r u n s  w i t h  o t h e r  model c o n f i g u r a t i o n s .  The s i g n a l  from 
t h e  f o r c e  ba lance  f o r  t h e s e  l a s t  two r u n s  was n o t  r e a d i n g  p r o p e r l y  and was 
found  l a t e r  t o  be o p e r a t i n g  i n t e r m i t t e n t l y .  T h e r e f o r e ,  t h e  r e s u l t s  shown i n  
f i g u r e s  24 and 25  a r e  c o n s i d e r e d  q u e s t i o n a b l e .  

The v a r i a b i l i t y  o f  t h e  i c e  shapes a c c r e t e d  d u r i n g  each r u n  was examined 
by t a k i n g  i c e  shape t r a c i n g s  a t  s e v e r a l  spanwise l o c a t i o n s  as men t ioned  p r e v i -  
o u s l y .  The t r a c i n g  l o c a t i o n s  a r e  shown i n  f i g u r e  2 .  An example of t h e  v a r i a -  
b i l i t y  wh ich  can o c c u r  i s  i n d i c a t e d  i n  f i g u r e  26, wh ich  shows t h e  t r a c i n g s  a t  
a l l  s i x  l o c a t i o n s  fo r  r u n  4b.  F i g u r e  2 6 ( b >  g i v e s  an i n d i c a t i o n  o f  t h e  l i m i t s  
o f  v a r i a b i l i t y  w i t h i n  wh ich  an i c e  a c c r e t i o n  code s h o u l d  p r e d i c t  an i c e  shape 
f o r  a g i v e n  i c i n g  c o n d i t i o n .  B o t h  t h e  mass o f  i c e  and t h e  e x t e n t  o f  t h e  i c e  
a l o n g  t h e  s u r f a c e  can v a r y  q u i t e  a b i t .  E x a m i n a t i o n  o f  pho tog raphs  r e v e a l  t h a t  
t h e  i c e  a c c r e t i o n  p a t t e r n  c o n s i s t e d  o f  many r i b s  o f  i c e ,  each e x t e n d i n g  i n  a 
cho rdw ise  d i r e c t i o n ,  a l o n g  t h e  span o f  t h e  mode l .  The l i m i t s  o f  t h e  i c e  acc re -  
t i o n ,  shown i n  f i g u r e  2 6 ( b > ,  i n d i c a t e  t r a c i n g s  t a k e n  o n  and between t h e s e  r i b s .  
T h i s  r u n  had one of t h e  l a r g e s t  degrees  o f  v a r i a b i l i t y ,  o t h e r  r u n s  had t r a c i n g s  
wh ich  l i t e r a l l y  o v e r l a p p e d .  One o t h e r  p o i n t  t o  c o n s i d e r  when e v a l u a t i n g  t h e s e  
t r a c i n g s  i s  t h a t  t h e  method of t r a c i n g  a shape o n t o  a t e m p l a t e  can i t s e l f  cause 
some v a r i a b i l i t y  i n  d e t e r m i n a t i o n  o f  a g i v e n  i c e  shape. 

I C E  SHAPE TRACING COMPARED TO LEWICE P R E D I C T I O N  

The NASA Lewis  Research Cen te r  has d i r e c t e d  t h e  development  o f  an 
c a l  i c e  a c c r e t i o n  p r e d i c t i o n  code t o  a c c u r a t e l y  p r e d i c t  t h e  g r o w t h  o f  
a i r f o i l s  and o t h e r  g e o m e t r i e s .  I n i t i a l  development  o f  t h e  LEWICE code 
v i d e d  t h r o u g h  a g r a n t  t o  t h e  U n i v e r s i t y  o f  Day ton  Research I n s t i t u t e .  
work was an e x t e n s i o n  o f  e a r l i e r  work by  Lozowski  e t  a l .  ( r e f .  7 )  and 

ana l  y t i  - 
ce on  
was p r o -  
T h i s  
c k l  ey 
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and Templeton ( r e f .  8 ) .  I n  1984, t h e  LEWICE code was b r o u g h t  in -house for f u r -  
t h e r  m o d i f i c a t i o n s  and deve lopment .  T h i s  e f f o r t  was conducted  and conc luded  i n  
1986 by  Gary R u f f  ( r e f .  9 ) .  
( 1 )  a Hess-Smith two-d imens iona l  p o t e n t i a l  f low pane l  method t o  c a l c u l a t e  t h e  
f low f i e l d  abou t  an a r b i t r a r y  two d i m e n s i o n a l  body, ( 2 )  a p a r t i c l e  t r a j e c t o r y  
code deve loped by  FWG t h a t  c a l c u l a t e s  t h e  w a t e r  d r o p l e t  p a t h s  and t h e i r  r e s u l t -  
i n g  impingement  p a t t e r n  on  t h e  body,  and (3) an i c e  a c c r e t i o n  module t h a t  
so l ves  t h e  q u a s i - s t e a d y  energy  ba lance  e q u a t i o n .  The energy  ba lance  e q u a t i o n  
f i rst  proposed by  Mess inger  ( r e f .  10)  accoun ts  f o r  t h e  g o v e r n i n g  h e a t  and mass 
t r a n s f e r  p rocess  o c c u r r i n g  d u r i n g  t h e  i c i n g  p r o c e s s .  The LEWICE code i s  un ique  
i n  t h a t  i t  has a t i m e - s t e p p i n g  c a p a b i l i t y  t o  grow t h e  i c e  u n l i k e  o t h e r  i c e  
a c c r e t i o n  codes wh ich  grow t h e  i c e  i n  one t i m e  s t e p .  W i th  a t i m e - s t e p p i n g  code 
t h e  f low f i e l d  and w a t e r  d r o p l e t  t r a j e c t o r i e s  can be updated  as i c e  i s  a c c r e t e d  
on  t h e  l e a d i n g  edge t h u s  d i s t u r b i n g  t h e  f low f i e l d .  T h i s  s h o u l d  r e s u l t  i n  a 
more a c c u r a t e  r e p r e s e n t a t i o n  of t h e  f low f i e l d  as t h e  i c e  a c c r e t i o n  i s  f o rmed .  
I n p u t s  r e q u i r e d  by LEWICE i n c l u d e  t h e  c l o u d  p r o p e r t i e s  such as l i q u i d  w a t e r  
c o n t e n t  (LWC) and d r o p l e t  s i z e  (MVD) and t h e  i c i n g  c o n d i t i o n s  wh ich  i n c l u d e  
t h e  f r e e s t r e a m  v e l o c i t y  ( V d ,  s t a t i c  a i r  t e m p e r a t u r e  ( T s > ,  s t a t i c  p r e s s u r e  
( P s > ,  and t h e  a n g l e  o f  a t t a c k  ( A O A ) .  
t h e  method o f  a n a l y s i s  can be found i n  t h e  LEWICE U s e r ' s  Manual .  

The LEWICE code c o n s i s t s  o f  t h r e e  main  modu les :  

A d e t a i l e d  d e s c r i p t i o n  o f  t h e  code and 

To i l l u s t r a t e  t h e  u t i l i t y  of t h e  LEWICE model ,  r u n  4b was s e l e c t e d  as an 
example case i n  wh ich  t h e  LEWICE p r e d i c t e d  i c e  shape w i l l  be compared t o  t h e  
e x p e r i m e n t a l  i c e  shape. Run 4b was s e l e c t e d  f o r  s e v e r a l  r e a s o n s .  F i r s t ,  t h e  
c u r r e n t  LEWICE model has been t e s t e d  w i t h  s i n g l e  e lemen t  a i r f o i l s  o n l y .  There-  
f o r e ,  compar isons  were l i m i t e d  t o  t h e  c r u i s e  w ing  c o n f i g u r a t i o n .  Second ly ,  
r u n  4b had a r e l a t i v e l y  l a r g e  i c e  a c c r e t i o n  and t h e  pe r fo rmance  c h a r a c t e r i s t i c s  
o f  t h e  a i r f o i l  i n d i c a t e d  a s i g n i f i c a n t  d e g r a d a t i o n  i n  l i f t  between t h e  c l e a n  
and t h e  i c e d  a i r f o i l  g e o m e t r i e s .  T h e r e f o r e ,  i t  was f e l t  t h a t  t h i s  wou ld  be an 
i n t e r e s t i n g  case n o t  o n l y  f o r  LEWICE b u t  f o r  ARCZD as w e l l .  I n p u t  v a l u e s  a r e  
g i v e n  i n  Tab les  I t o  I V  for each of t h e  r u n s  conduc ted  i n  t h i s  t e s t .  T a b l e  I 
shows t h e  v a l u e s  used f o r  r u n  4b.  S i n c e  LEWICE r e q u i r e s  s t a t i c  t e m p e r a t u r e  and 
p r e s s u r e ,  t h e  t o t a l  t e m p e r a t u r e  and p r e s s u r e  were a d j u s t e d  t o  o b t a i n  s t a t i c  
c o n d i t i o n s .  An a i r f o i l  c h o r d  o f  0.457 m was used a l o n g  w i t h  an e q u i v a l e n t  
s a n d g r a i n  roughness  ( k )  o f  0 .0008 m. T h i s  v a l u e  o f  k was d e t e r m i n e d  from 
r e f e r e n c e  9,  append ix  F and i s  a f u n c t i o n  o f  t h e  v e l o c i t y ,  t e m p e r a t u r e ,  and 
l i q u i d  wa te r  c o n t e n t .  For t h i s  compar ison,  two 2.5-min t i m e - s t e p s  were used t o  
a c c r e t e  t h e  r e s u l t a n t  i c e  shape. F i g u r e  27 shows t h e  p r e d i c t e d  i c e  shape 
( s o l i d  l i n e )  and t h e  e x p e r i m e n t a l  i c e  shape (dashed l i n e )  for  r u n  4b.  Gener- 
a l l y  speak ing ,  LEWICE does a good j o b  o f  p r e d i c t i n g  t h e  i c e  shape. The c a l c u -  
l a t e d  impingement  l i m i t s  and t h e  mass o f  i c e  a c c r e t e d  agree q u i t e  w e l l .  
However, t h e  LEWICE g e n e r a t e d  i c e  shape does n o t  p r e d i c t  t h e  " p o i n t "  t h a t  
e x i s t s  on  t h e  e x p e r i m e n t a l  shape near  t h e  l e a d i n g  edge o f  t h e  i c e  shape. The 
LEWICE p r e d i c t i o n  can a l s o  be compared t o  t h e  i c i n g  band d i s c u s s e d  i n  t h e  p r e -  
v i o u s  s e c t i o n ,  wh ich  i n d i c a t e s  t h e  v a r i a b i l i t y  o f  t h e  i c e  shape a l o n g  t h e  span 
o f  t h e  a i r f o i l .  The LEWICE p r e d i c t i o n  s t a y s  w i t h i n  t h e  band everywhere  e x c e p t  
a l o n g  t h e  l o w e r  s u r f a c e  o f  t h e  i c e  shape. T h i s  i s  n o t  a d i f f i c u l t y  i n  p r e d i c t -  
i n g  t h e  impingement  l i m i t s ,  however t h e  b u l g e  i n  t h e  LEWICE p r e d i c t e d  shape on  
t h e  l o w e r  s u r f a c e  may be p r e v e n t i n g  imp ingement  i n  t h e  r e g i o n  j u s t  a f t .  

b o t h  a r t i f i c i a l  and n a t u r a l  i c e  shape d a t a .  A s  o t h e r  s t u d i e s  have i n d i  a t e d  
( r e f .  111, LEWICE o f t e n  p r o v i d e s  a r e a s o n a b l e  e n g i n e e r i n g  a p p r o x i m a t i o n  for 
most i c e  shapes.  I n  g e n e r a l ,  LEWICE p r e d i c t i o n s  ag ree  more f a v o r a b l y  w t h  r i m e  

For t h e  most p a r t ,  f i g u r e  27 i s  t y p i c a l  o f  o t h e r  LEWICE compar isons  w i t h  

9 



i c e  a c c r e t i o n s  t h a n  w i t h  g l a z e  i c e  a c c r e t i o n s ,  a l t h o u g h  r e s u l t s  f o r  g l a z e  i c e  
a c c r e t i o n s  a r e  encourag ing .  There appears t o  be no  s e t  o f  i c i n g  c o n d i t i o n s  i n  
wh ich  LEWICE c o n s i s t e n t l y  does a poor  j o b .  However, p o o r e r  agreement  w i l l  usu- 
a l l y  r e s u l t  for  ex t reme cases such as l a r g e  h o r n  shaped i c e  a t  h i g h  a n g l e s  o f  
a t t a c k .  Recent h i g h  speed f i l m s  by O lsen  ( r e f .  12) i n d i c a t e  t h a t  t h e r e  may be 
some gross  e r r o r s  i n  t h e  mode l i ng  o f  t h e  p h y s i c s  of t h e  i c e  a c c r e t i o n  p r o c e s s ,  
e s p e c i a l l y  i n  t h e  g l a z e  i c e  reg imes .  T h i s  would e x p l a i n  t h e  l e s s  t h a n  s a t i s -  
f a c t o r y  r e s u l t s  o b t a i n e d  from LEWICE for g l a z e  i c e  compar isons .  I n  a d d i t i o n ,  
Hansman and Turnock ( r e f .  13) have proposed a m u l t i - z o n e  approach t o  t h e  i c e  
a c c r e t i o n  process  based on t h e i r  e x p e r i m e n t a l  s t u d i e s  o f  t h e  s u r f a c e  w a t e r  
b e h a v i o r  f o r  g l a z e  i c e  a c c r e t i o n s .  T h i s  and o t h e r  work sugges ts  t h a t  changes 
t o  t h e  e x i s t i n g  model shou ld  be made t o  t r y  t o  improve t h e  a c c u r a c y  o f  t h e  p r e -  
d i c t i o n s .  I n v e s t i g a t i o n  of these  and o t h e r  p roposed m o d i f i c a t i o n s  t o  t h e  
LEWICE model a r e  c u r r e n t l y  b e i n g  under taken  by t h e  NASA Lewis  A i r c r a f t  I c i n g  
A n a l y s i s  Program. 

PERFORMANCE CHANGE EVALUATION USING NAVIER-STOKES CODE 

E v a l u a t i o n  o f  t h e  changes t o  a i r f o i l  per fo rmance r e s u l t i n g  from i c e  depo- 
s i t i o n  i s  a ma jo r  goa l  i n  development  o f  an i c i n g  a n a l y s i s  c a p a b i l i t y .  Pres-  
e n t l y  two a l t e r n a t e  methods a r e  b e i n g  c o n s i d e r e d .  These a r e  t h e  i n t e r a c t i v e  
boundary - laye r  approach of Cebeci ( r e f .  14) and t h e  use o f  a Nav ie r -S tokes  code 
( r e f .  1 5 ) .  For this work, the Navier-Stokes code, A R C 2 D ,  was used to evaluate 
one o f  t h e  t e s t  r u n s  for changes i n  per fo rmance c h a r a c t e r i s t i c s .  S i n c e  t h e  
p r e s e n t  v e r s i o n  o f  t h e  code has o n l y  been t r i e d  f o r  s i n g l e  e lemen t  a i r f o i l s ,  
t h e  c r u i s e  c o n f i g u r a t i o n  was e v a l u a t e d .  Run 4b was s e l e c t e d ,  s i n c e  t h i s  r u n  
was a l s o  chosen for use i n  t h e  LEWICE e v a l u a t i o n .  T h i s  w i l l  i n d i c a t e  t h e  
n a t u r e  o f  f u t u r e  e v a l u a t i o n s  o f  t h e  r e m a i n i n g  t e s t  r u n s .  

The r e s u l t s  f o r  CL and CD a r e  shown i n  f i g u r e  28.  The f i g u r e s  i n d i -  

The c a l c u l a t i o n s  were ex tended  t o  an AOA c o r r e s p o n d i n g  
c a t e  t h e  compar isons between ARC2D and e x p e r i m e n t  f o r  b o t h  t h e  c l e a n  a i r f o i l  
and t h e  i c e d  a i r f o i l .  
t o  CLmax. For t h e  c l e a n  a i r f o i l ,  t h e  agreement i s  e x c e l l e n t  up t o  t h i s  p o i n t  
w h i l e  a t  A O A ' s  above CLmax t h e  s o l u t i o n  does n o t  conve rge .  E v a l u a t i o n  o f  
t h i s  a i r f o i l  a t  t h e s e  h i g h e r  AOA v a l u e s  w i l l  r e q u i r e  f u r t h e r  e x a m i n a t i o n  o f  
such parameters  as g r i d  s p a c i n g  or s p e c i f i c a t i o n  o f  t h e  s u r f a c e  geomet ry .  The 
r e s u l t s  f o r  t h e  i c e d  a i r f o i l  a r e  n o t  as good, w i t h  t h e  code u n d e r p r e d i c t i n g  t h e  
l i f t .  Aga in ,  f u r t h e r  g r i d  r e f i n e m e n t  may be r e q u i r e d  t o  a d e q u a t e l y  model t h i s  
geomet ry .  The use o f  tools such as an u n s t r u c t u r e d  mesh a r e  p r e s e n t l y  b e i n g  
examined. These r e s u l t s  do  i n d i c a t e ,  however ,  t h a t  an a c t u a l  i c e  shape geome- 
t r y  can be e v a l u a t e d  for changes i n  pe r fo rmance  c h a r a c t e r i s t i c s .  

CONCLUSIONS 

T h i s  s e r i e s  o f  t e s t s  was des igned  t o  p r o v i d e  code v e r i f i c a t i o n  i n f o r m a t i o n  
i n  s u p p o r t  o f  development  of m u l t i - e l e m e n t  c a p a b i l i t i e s  f o r  i c e  a c c r e t i o n  codes 
and f o r  aerodynamic per fo rmance codes.  The t e s t  r e s u l t s  p r o v i d e  a wide v a r i e t y  
o f  c o n d i t i o n s  and s h o u l d  se rve  as a s e t  o f  u s e f u l  t e s t  cases .  The s i n g l e  e l e -  
ment cases h e l p  t o  ensure  con f idence  i n  t h e  codes c a p a b i l i t i e s  p r i o r  t o  m o d i f i -  
c a t i o n  f o r  m u l t i - e l e m e n t  g e o m e t r i e s .  
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The t e s t  r e s u l t s  i n d i c a t e  t h a t  t h e  changes i n  per formance c h a r a c t e r i s t i c s  
a r e  most a f f e c t e d  by  t h e  t e m p e r a t u r e  and d u r a t i o n  o f  t h e  i c e  a c c r e t i o n .  The 
warmer tempera tu res ,  l e a d i n g  t o  g l a z e  i c e  c o n d i t i o n s ,  t e n d  t o  p roduce  t h e  l a r g -  
e s t  loss o f  l i f t .  The d u r a t i o n  of t h e  a c c r e t i o n  does n o t  i n f l u e n c e  t h e  changes 
t o  t h e  l i f t  once t h e  a c c r e t i o n  has deve loped beyond some m in ima l  s i z e .  The 
d r a g  i n c r e a s e  i s  n o t  so dependent  on tempera tu re  w h i l e  i t  does i n c r e a s e  s i g n i f -  
i c a n t l y  w i t h  t i m e .  
a c c o r d i n g  t o  a 113 t o  1 / 4  power law.  T h i s  i n d i c a t e d  a change from f r i c t i o n  
dominated  d r a g  t o  p r e s s u r e  dominated  d r a g .  The moment c o e f f i c i e n t  n o r m a l l y  
i n c r e a s e d  as a r e s u l t  o f  t h e  a c c r e t i o n .  T h i s  tended t o  produce a l e s s  s t a b l e  
c o n d i t i o n  f o r  t h e  a i r f o i l  as t h e  tendency  towards  s t a l l  was enhanced. 

The d r a g  r i s e  was n o t  seen t o  be l i n e a r  b u t  deve loped  

Ano the r  s i g n i f i c a n t  r e s u l t  was documen ta t i on  of t h e  e f f e c t  o f  f r o s t .  
Frost was i d e n t i f i e d  as i c e  t h a t  deve loped w i t h  no p r e f e r r e d  g r o w t h  d i r e c t i o n  
as opposed t o  a c c r e t e d  i c e  wh ich  tended t o  grow ups t ream.  T y p i c a l l y ,  t h e  f r o s t  
grew on t h e  first 30 t o  40 p e r c e n t  o f  t h e  lower s u r f a c e  o f  t h e  a i r f o i l .  The 
f r o s t  d i d  n o t  a l t e r  t h e  l i f t  or d r a g  i n  many cases b u t  d i d  change t h e  p i t c h i n g  
moment. T h i s  i n d i c a t e s  t h a t  t h e  p r e s s u r e  p r o f i l e  was a l t e r e d  somewhat b u t  more 
i n  d i s t r i b u t i o n  t h a n  i n  magn i tude .  I t  i s  i m p o r t a n t  t o  i n s u r e  t h a t  f r o s t  i s  
removed p r i o r  t o  measurement of i c e d  a i r f o i l  pe r fo rmance  v a l u e s  i n  o r d e r  t o  
more a c c u r a t e l y  r e c r e a t e  n a t u r a l  i c i n g  c o n d i t i o n s .  

V a r i a b i l i t y  o f  t h e  i c e  a c c r e t i o n  as a f u n c t i o n  o f  spanwise l o c a t i o n  was 
documented by  t a k i n g  i c e  p r o f i l e  t r a c i n g s  a t  s e v e r a l  l o c a t i o n s  d u r i n g  each t e s t  
r u n .  R e s u l t s  i n d i c a t e d  t h a t  t h e  i c e  shape p r o f i l e s  c o u l d  be q u i t e  d i f f e r e n t  
even when v i s u a l  i n s p e c t i o n  i n d i c a t e d  u n i f o r m  i c e  g r o w t h .  T h i s  sugges ts  t h a t  
i c e  a c c r e t i o n  codes,  such as LEWICE, be compared t o  more t h a n  one s p e c i f i c  p r o -  
f i l e  f o r  a g i v e n  s e t  of i c i n g  c o n d i t i o n s .  A s  such,  t h e  LEWICE compar ison t o  
r u n  4b i n d i c a t e d  t h a t  t h e  code p r e d i c t i o n  f e l l  w i t h i n  t h e  i c i n g  band con- 
s t r u c t e d  from a l l  t h e  t r a c i n g  of t h a t  t e s t .  The t e s t  a l s o  p r o v i d e d  d a t a  u s e f u l  
fo r  e v a l u a t i o n  o f  pe r fo rmance  change c a l c u l a t i o n s  w i t h  a m u l t i - e l e m e n t  a i r f o i l  
code.  
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TABLE 11. - TEST CONDITIONS FOR THE 5' FLAP CONFIGURATION 

Run number D u r a t i o n ,  T e m p e r a t u r e ,  V e l o c i t y ,  LWC, MVD, 
m i  n OF f t / s  g/m3 pm 

1 1  
12 
13 
14 

TABLE 111. - TEST CONDITIONS FOR THE 1 "  FLAP CONFIGURATION 

4 24 158 0.48 13.4 
1 1  25 158 .46 12 
8 17 158 .42 13.4 
8 -7 157 .9 14 

Run number  D u r a t i o n ,  T e m p e r a t u r e ,  V e l o c i t y ,  

m i  n OF f t / s  

15 5 28 158 
a16 10 27 158 

26 159 
18 158 I 19 157 

17 

19 
L I I I I I 

aThese r u n s  w e r e  a c c r e t e d  w i t h  t h e  a i r f o i l  a t  0 "  AOA. 

LWC, MVD, 
g/m3 w 
0.92 14.4 

.9 

.9 

TABLE I V .  - TEST CONDITIONS FOR THE 15" FLAP CONFIGURATION 

Run number  

a * b 2 0  
21 

c22 
a23 
24 

D u r a t i o n ,  T e m p e r a t u r e ,  
m i  n OF 

8 28 
8 28 
8 29 
6 -3 
6 -9 

, f  
4 
1 

V e l o c i t y ,  

f t / s  

158 
158 
158 
161 
158 

LWC, MVD, 
g/m3 w 
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(b )  LEWICE COMPARISON WITH ICING BAND. 

FIGURE 27. - LEWICE CONPARISON WITH EXPERIMENTAL RESULTS FOR 
RUN 4b. 
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FIGURE 28. - FORCE COEFFICIENT C W A R I S O N S  BETUEEN EXPERIMENTAL RESULTS AND ANALYSIS FOR CRUISE WING CON- 
FIGURATION, CLEAN AND ICED. ICED CONDITION IS RUN 4b. 
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